The objective of this paper is to define the guidelines for the design of new boiling test sections with a large number of artificial nucleation sites during nucleate boiling for thin substrates horizontally immersed in a saturated liquid with artificial cavities located on the upper surface. The findings of numerical simulations of pool boiling heat transfer for a single bubble and for a large number of nucleation sites based on the analysis of experimental cases were analysed. Dedicated test sections were used in experiments for the study of boiling mechanisms and interactions between active sites so that the numerical models representing the physics of the problem could be improved. The hybrid nature of the code used in this study, combining the complete solution of the three-dimensional time-dependent energy equation in the solid substrate with semi-empirical models representing the physical phenomena occurring in the liquid side, in a simplified way, allows a large number of simulations in a reasonable computational time.
Introduction
Boiling heat transfer has always been a very interesting research field because of the high efficiency of this process in removing heat from a solid body using liquids. Several studies focussed on the understanding of the fluid-solid combinations in order to obtain the highest heat fluxes at the minimum superheat. High values of this parameter could lead to possible alteration of thermal heat transfer characteristics of the solid substrate. However, despite the fact that research has been carried on for several decades, the complete picture of the processes involved is far from complete, due in part to the non-uniformity of the conditions and characteristics of the materials during experiments (substrates and liquids as well as measuring instrumentation), to the non-linearity of the processes and to the possible presence of hysteresis phenomena (generally related to the activation temperature for a nucleation site significantly higher than the expected or theoretical value). Due to the complexity of the research area, the studies focus on different aspects, from the formulation of predictive correlations to dedicated experiments investigating specific aspects or to the analysis of results of complex numerical simulations. The first studies focussed on the prediction of the average heat flux between the liquid and the solid substrate and the associated maximum wall superheat, as for instance in the models suggested by Rohsenow [1] or Engelberg-Foster and Greif [2] and often based on dimensionless numbers, as described in [3] . Past studies investigated also bubble growth: the analysis of the conditions necessary for the activation of a nucleation site (for instance [4, 5] or [6] ) and their connection to the presence of a vapour nucleus trapped in a cavity (acting as a nucleation site) that starts growing when superheat increases. the cavity with the trapped nucleus starts to increase, and if enough heat flux is provided, the nucleus grows up to the border of the cavity and then expands outside it. The shape of the growing bubble is determined by the advancing mode of the triple contact line (i.e. the theoretical line that divides liquid, solid and vapour phases, as for instance in Tong et al. [7] ) at the surface immediately outside the cavity border. Kenning [8] reviewed the model of Chesters [9] for the growth of bubbles out of the cavity and related it to the bubble growth speed. Three growth models were identified for it: slow confined, slow spreading and fast bubble growths. Several studies assume that the bubble grows apparently as a truncated sphere, and that its shape is connected to the apparent contact angle, i.e. the apparent angle formed between the solid substrate and the dome. For this parameter, a distinction was made depending on whether the liquid-vapour interface was moving towards the vapour/gas region (advancing contact angle) or away from it (receding), as reported in [7] . The semi-empirical models suggested for the bubble growth, focussed on the identification of dedicated correlations for the average bubble radius and bubble departure radius (e.g. described in [10] [11] [12] [13] ). Two phases for the bubble growth were generally identified, the first one dominated by inertial forces and the second by thermal phenomena. The departure of the bubble was related to the breakdown of the equilibrium between forces that keep the bubble attached to the substrate (and in particular the surface tension) and forces trying to detach it (gravity and hydro-dynamic lift). Departure of the bubble was observed to have a strong influence on the temperature distribution over an area larger than the bubble size due to the high heat flux during the bubble growth and mostly to the wake effect on the liquid side due to the lifting of the departed bubble. The quantification of this area, often called ''influence area'', was also investigated, amongst the others by Han and Griffith [14] and Mikic and Rohsenow [15] , concluding the influence area to have a diameter approximately double the bubble departure diameter. The influence area and superheat distribution were also related to the waiting time, i.e. the time between the departure of a bubble and the nucleation of a new one out of the same cavity. All these theoretical and empirical models can provide useful and easy to use correlations, but they are strongly limited by their dependence to the experimental conditions to which they refer. Stephan and Abdelsalam [16] and Pioro et al. [17] analysed the differences between the use of simple general correlations (generally valid for a wide range of conditions but limited by a significantly low accuracy) and more precise predictive equations (very precise but presenting the drawback of a validity limited to a narrow range of conditions). Recently, several efforts were directed on the development of sophisticated numerical codes: this was possible because of the continuously increasing computational power as well as of the more precise experimental equipment and accuracy of the results. However, the higher the level of detail introduced in [18] [19] [20] . This approach presented two main disadvantages: firstly, the condition of isolated bubble is applicable only to low or intermediate heat fluxes, so that the density of active nucleation sites and interaction phenomena are limited. Secondly, the hypothesis of constant temperature in the substrate was shown to be unrealistic [21] and on the contrary the effects of temperature differences across the substrate were shown to play an important role in the activation of the sites [22] . However, a great advantage introduced by this model was the creation and coupling of the so-called micro and macro regions, indicating respectively the areas in proximity and around the triple contact line area. The use of this solution allows a high level of detail and a finer mesh distribution in the region with high variation of the curvature of the bubble dome, supposed here to correspond to the area with the strongest evaporation (micro-region). A similar model was also adopted by the team led by Stephan, as described for instance in [24, 25] , improved by the elimination of the constant temperature in the substrate. The model is still not applicable to a large number of nucleation sites due to computational limitations and to the different interactions between a growing bubble and the surrounding space. Those were studied by Zhang and Shoji [26] , and four types were identified: (1) interactions through the solid substrate, (2) through the liquid, (3) between the bubble and the environment and (4) between different bubbles at adjacent sites. The interaction through the substrate strongly depends on the characteristics of the substrate itself, on its thickness and thermal conductivity, and then in general on its thermal capacity, which can lead to a more or less uniform distribution of the temperature field. The studies on site interaction relate to the limitation or enhancement of the activity of a specific nucleation site due to the presence of another active or previously active site located at close distance. These effects, often identified respectively as inhibition and seeding effects, were connected to phenomena on the liquid side and in particular to removal or deposition of a vapour nucleus on a cavity after departure of the bubble at the adjacent site [27] . A vapour nucleus, in fact, is supposed to be trapped in the cavity or scratch acting as nucleation site either during the shrinking of the neck of the bubble while departing, as shown schematically in Tong et al. [7] , or by deposition after spreading and subsequent shrinking of the contact area of a bubble at an adjacent nucleation site as described before. Considering all the uncertainties to which these phenomena are subject, this brief introductive analysis shows the main difficulties that a programmer may face while creating a new numerical model. For this reason, some physical models need to be significantly simplified and others not accounted for altogether depending on the objectives of the study and according to the computational power. The hybrid approach used for the present calculations is particularly interesting due to the possibility of studying the interactions between bubbles and the temperature distribution across the substrate. The original version of the model/code was developed by Pasamehmetoglu and Nelson [28] , allowing only one bubble per cell. The code was subsequently modified, as described in Golobič et al. [29, 30] using the same approach but introducing a mechanism able to refine the mesh distribution around a nucleation site every time this becomes active. The original model/code and its subsequent improved versions were acquired and modified in this study to describe the growth of bubbles from artificial sites. In order to comply with the objectives of this work, a restructuring process was done (so that the code was also suitable for parallel computing). Moreover, several aspects of the physical model were modified and improved in order to make them more similar to experimental evidence, together with a first process of verification of the numerical code. The modifications focussed on the variation of the bubble shape and the contraction of the contact area during the final stage of the bubble growth, the different heat contributions at the dome and at the base of the bubble and finally the study of interactions between bubbles growing at adjacent sites. This study will focus on the results of simulation using different substrate-liquid conditions for a single bubble. In fact, the code will be used to simulate a silicon substrate immersed in FC-72 and a metal foil in water. The numerical results are compared to experiments carried by Hutter et al. [31] and Golobič et al. [32] . The code was also used to investigate the interactions between a large number of nucleation sites ($100), with focus on their effects on the activity of the sites, the average bubble growth time and radius and the superheat variation at the nucleation site and in the area around it.
Description of the physical model used in the code
The use of a hybrid code as the one adopted for the current simulations relies on input data obtained either from experiments or from theoretical models applicable for the specified conditions. If the data is not available, assumed values must be introduced and verified afterwards. The data are related to an isolated growing bubble as well as to the properties of the liquid and substrate and the numerical input used for mesh management. The most important data are listed here:
The bubble departure radius r bd , i.e. the final radius that the bubble assumes when departing. The growth time (when available) t g , i.e. the time that the bubble requires to reach the bubble departure radius from nucleation.
The apparent contact angle u 0 , i.e. the angle between the substrate and the bubble, supposed to grow as a truncated sphere. This value is not a real physical value and should not be confused with the real contact angle, which is determined by the balance of the forces acting on the bubble at each instant and which may strongly depend also on the shape of the cavity and other thermal-hydraulic factors. The activation conditions for a nucleation site and the average superheat of the substrate DT av . It is assumed in the code that activation occurs when the temperature at the nucleation site exceeds a fixed value called activation temperature T act .
As mentioned before, the approach is based on a mesh distribution that is modified when a nucleation site becomes active in order to have a finer mesh around it. The original version of the model used an irregular distribution of triangular cells that was locally refined around an active nucleation site, as shown in Fig. 1 . The present model uses square cells arranged in a Cartesian grid, as shown in Fig. 2 . In both cases, (a) represents the phase where no nucleation site is active and the mesh distribution is coarse; once the conditions for activation of a site (described later) are satisfied (b) the mesh located around the nucleation site in a pseudo-circular region are removed and replaced (c) by a finer mesh distribution arranged with central symmetry. The cell distribution is identically repeated for all the layers in which the substrate is vertically divided, for both cases of active and inactive nucleation sites (respectively unrefined and refined mesh). This process allows fast simulations and the location of the nucleation sites in whichever position in the upper surface of the substrate.
At the beginning of the simulations, the code automatically numbers the cells with a progressive identification number. Once a nucleation site activates, the cell identification numbers are changed, and the new refined cells assume high values. For each cell, following the numbering and starting from the top layer, the code solves (with an explicit method) the 3-dimensional (x, y, z) time dependent (t) energy equation (Eq. (1)). The discretised form, shown in Eq. (2) , is used in the code in order to calculate the temperature T in each cell from the contribution of the heat through the surfaces at the interface with the other cells or the boundaries. q vol represents the volumetric heat source that may be present to simulate for instance electrically induced heat generation; its value can be also set equal to zero, as it was during the present simulations.
The symbols of the single cell variables as shown in Fig. 3 . At the initial time step (t = 0 s) the temperature for all the cells and all layers is set equal to a fixed value (T in ), either equal to the saturation temperature or higher. The code imposes that the temperature at the lateral edges of the substrate is equal to the saturation temperature, as expressed in Eq. (3), with the symbols as in Fig. 4 . For the bottom surface (z = 0), natural convection with the surrounding area is supposed, as expressed in Eq. (4), with h air equal to zero if adiabatic conditions are to be simulated. Tj x¼0;x¼xmax;y¼o;y¼y max ;0 z d H ¼ T sat ð3Þ For each nucleation site i, an activation temperature, T act,i , is assigned; for each of the inactive sites, at each time step, the code checks the temperature for the cell k corresponding to its centre. If the value exceeds the activation temperature, Eq. (5), and if the not-overlapping mesh condition is satisfied (Eq. (13) discussed later), activation of the site occurs, and the mesh distribution is locally refined as described before. The bubble grows until departure, which occurs when the equivalent bubble radius r eq,i (t) reaches a maximum value, called bubble departure radius r bd,i , Eq. (6), specified by the user for each nucleation site on the base of experimental or literature data.
r eq;i ðtÞ ! r bd;i ð6Þ
The activation of a nucleation site depends on the activation superheat, DT act , which can be imposed either as a constant or, if experimental data are not available, can be calculated from Eq. (7), supposing that the activation temperature is the minimum temperature necessary for a nucleus of radius equal to the cavity radius to start growing.
Dp ¼ 2r=r cav ðaÞ log 10 pðPaÞ ¼ 9:729 À 1562=TðKÞ ðbÞ
& ð7Þ
For a cavity of fixed cavity mouth radius (r cav ) and surface tension (r), the minimum overpressure (Dp) needed for the bubble to start growing is defined by Eq. 7(a). From Eq. 7(b), with values specific for FC-72 (based on [33] ), the saturation temperature at experimental conditions and the temperature at a pressure equal to the experimental value plus the overpressure may be calculated. The activation superheat can then be derived. Alternative criteria may be studied and easily introduced in the code, based for instance on variations of the superheat instead of its absolute value. Moreover, a modifiable uncertainty parameter has been added to the nominal activation superheat to simulate the uncertainty of data from experimental results. At activation (occurring for instance at t = t 0 ) the bubble starts from a zero bubble radius, r b,i (t 0 ) = 0, so that the initial nucleus radius is neglected. From the following time step, the bubble grows as a truncated sphere with a fixed apparent contact angle from nucleation to departure u = u 0 . Evaporation occurs at the contact area (i.e. the region enclosed by the triple contact line) and at the dome of the bubble, as described in Eq. (8) . The term on the left side represents the cumulative heat due to evaporation at the considered time step; the first term on the right side represents the cumulative heat at the previous time step; the second and third terms account for evaporation in the inner area (with heat transfer coefficient h in = HTC in ) and contact line area (h CL = HTC CL ). The last term Q D,i accounts for the evaporation at the dome. The equivalent bubble radius is calculated according to Eq. (9), assuming a truncated sphere shape for the bubble. The bubble radius r b (t) is then obtained by considering the shape of the bubble. The contact area radius is then calculated, r c (t) = r b (t)sin/. 
Three different areas have been identified for the heat transfer coefficient imposed on the upper surface, depending whether the cell is located outside, inside or at the border (i.e. the triple contact line) of the contact area. For the region outside the bubble contact area, a natural convection heat transfer coefficient (h NC = HTC NC ) is assumed, which in the specific case of a silicon substrate immersed in FC-72 [34] is given in Eqs. (10) and (11) for the case of a metal foil in water, [30] .
For the heat transfer model at the contact area, two models can be used in the code at the moment (although the code is very flexible and new ones may be easily implemented), as shown in Fig. 6 : the micro-layer model (ML) supported by recent experimental results of [35] and the contact line model (CL) supported by Stephan and Hammer [24] and Stephan and Fuchs [36] . For the first model, a thin film of liquid (micro-layer) is supposed to be trapped between the bubble and the substrate leading to pure conduction in the liquid, so that HTC ¼
The heat transfer coefficient distribution presents a peak at the centre of the contact area (i.e. the micro-layer is supposed to have its minimum thickness) and a radial decrease, with no high heat transfer value near the triple contact line. The latter model assumes that a strong evaporation occurs at the triple contact line while a zero heat transfer coefficient is supposed in the inner area. The contact line model CL imposes a very high heat transfer coefficient in the triple contact line area, corresponding to the circular perimeter of the contact area of radius r c (t) = r b (t)sinu. In this area, pure conduction in the liquid micro-layer of thickness d ML occurs, as shown in Eq. (12) . The thickness of the micro-layer is also defined as input data by the user at the beginning of simulations, so that the heat transfer coefficient in this area is indirectly imposed. The width of the contact line area corresponds to the width of the refined cells in the radial direction (dependent on the bubble size at departure and number of rings used for the refined mesh area). It is generally much larger than the theoretical contact line area, so that the heat transfer coefficient values are required to be scaled to obtain the correct heat flux from the area.
It is not clear which of the two models is to be chosen and when to be applied. Different studies support one or the other model (as in [35, 24, 36] ) and for this reason it was here opted to have a flexible model able to simulate both. The second contribution to the bubble growth is due to the evaporation at the dome. This has been seen to be very important in determining the bubble growth rate and also to provide a significant contribution with increasing final size of the bubble. For this reason a simple evaporation model has been implemented based on Eq. (13): Q D,i represents for site i the cumulative heat contribution through the dome of the bubble from the activation time t act,i to the generic instant t when the bubble has an effective radius r b,i (t); f D,i is a constant parameter, generally equal either to 0 or 1 (but it in principle may assume whichever positive value) to adjust the evaporation contribution at the dome; f S,i (t) is a time-dependant geometrical shape factor introduced to take into account the truncated sphere shape. T eff,i in Eq. (14), depends on the activation temperature defined for each site; it is defined by assuming that the external part of the liquid thermal layer around the bubble dome stays at a temperature equal to the activation temperature T act,i throughout the whole bubble growth.
The effect of this contribution is particularly relevant for large bubbles or for very thin or poorly conductive substrates, as shown in the next sections during the analysis of the numerical results.
Once the site becomes active, the bubble is assumed to grow as a truncated sphere with a constant apparent contact angle during the first stage of the bubble growth, and decreasing to zero with the inverse of the volume of the bubble when the bubble radius exceeds a fixed fraction of its maximum value, according to Eq. (15) .
This method, which allows an increasing and then decreasing contact area with consequent advancing and receding contact line, was introduced also to limit the problems of bubble at adjacent nucleation sites growing at alternative times, mentioned before. In fact, the code does not allow the presence of overlapping mesh due to two (or more) close refined sites. Two sites cannot be active at the same time if their distance S does not satisfy Eq. (15) .
This limitation may lead in some cases to nucleation sites that alternate in activation, due to numerical reasons and this effect must be taken into account while analysing the results. The replaced area has a radius r m slightly larger than the maximum contact area r c,max (reached, in the original version of the code, at bubble departure since the apparent contact angle has a fixed value, so that r c,max = r bd Á sin(u 0 ); in the new version of the code, the maximum contact area is reached sometimes before departure and its value is smaller than in the original version, due to the shrinking of the contact area during the final phase of the bubble growth); its value may vary from site to site. When the site becomes inactive again, the original coarse cell distribution is restored. All the variables are indicated in Fig. 7 . Coalescence phenomena, not taken into account in the original version of the code, are considered to have a very important impact on heat transfer rates. Three kinds of coalescence may be identified in literature: horizontal, declining and vertical coalescence. According to the conclusion of Shoji et al. [23] , vertical coalescence does not depend on the distance between nucleation sites and on site population. This phenomenon is not taken into account in the code yet. On the other hand, horizontal coalescence is considered to have a very large influence on the heat transfer rates between the substrate and the liquid and to possibly induce significant temperature variations. For this reason, a very simplified model for horizontal coalescence has been introduced for two or more bubbles growing in close proximity so that their domes may come in contact while the contact areas are still separated (so that the limitation on mesh distribution as expressed in Eq. (16) is satisfied). At the moment, the model supposes the occurrence of coalescence once the bubble domes come in contact. Two situations, both of them observed in Golobič et al. [32] , are considered at present, as shown in Fig. 8: (a) Coalescence type C1: If the bubbles have similar sizes, they are assumed to continue growing as two independent isolated bubbles (with truncated sphere shape), with interfering domes, but with no variations of the heat transfer coefficients between the substrate and the liquid. Deformation of the bubble is not taken into account. The bubbles grow independently until each of them departs when the defined bubble departure radius is reached. An improvement to this model may be implemented by introducing an enhancing heat transfer coefficient (HTC C ) in the area below the interfering domes: this would take into account the strong evaporation in the new contact area of the elongated shape of the bubble. Several bubbles may coalesce at the same time. (b) Coalesce type C2: If the sizes of two bubbles are significantly different (at present, if the bubble radii ratio is equal or larger than 2.0) the smaller bubble (2) is assumed to be instantaneously absorbed by the larger bubble (1), and then completely disappear. Bubble (1) undergoes a sudden increase in volume equal to the volume of bubble (2) . The bubble departure radius is then increased according by a factor accounting for the inclusion of the smaller bubble volume into the bigger bubble. The bubble departure diameter is also modified in order to avoid the possibility for the bigger bubble to disappear immediately after inclusion by exceeding its maximum bubble size. Moreover, this solution allows simulation of multiple sequential coalescence, as may happen when a large bubble absorbs several smaller bubbles one after the other. A further improvement may be included in this model, by assuming a fast detachment phase of the small bubble after coalescence instead of instantaneous inclusion and disappearance.
The model does not consider coalescence between an attached bubble and a detached bubble from adjacent sites (declining coalescence), so that a review would be necessary if this type of coalescence was found to have a strong influence.
Numerical and experimental results
Two series of simulations have been run to reproduce the experimental behaviour of a bubble growing out of an isolated nucleation site. The first series refers to experiments carried out by Hutter et al. [31] for a silicon substrate (380 lm thick) completely immersed in dielectric FC-72 at saturation conditions. The details of the experimental facility and results can be found in [31] . The second series of simulations refers to the experimental results described in Golobič et al. [32, 35] , respectively for titanium (25 lm thick) and platinum (7 lm thick) foils immersed in water at atmospheric pressure and saturated conditions. In both cases, the main experimental results will be only summarised here, while the study will focus on the analysis of the numerical results for the bubble activity, superheat variations during the bubble growth at the nucleation site and in the area around it.
Single bubble growth: silicon substrate on FC-72
The experimental results refer to five bubble growth cases (each of them obtained as average value of several bubble growths at specified experimental conditions) for bubble growing out of an isolated nucleation site, but referring to imposed heat fluxes applied to the back of the substrates, ranging from 0.46 to 13.4 kW/m 2 , as summarised in Table 1 together with the measured average wall superheat (DT W ), the average bubble departure radius (r bd ) and the bubble growth time (t g ), see [31] . Three different test sections were used as substrates during the experiments. Test section #1, a circular disc of radius equal to 762 mm and thickness 0.38 mm, was only used to test the rig. Test section #2 was 19 Â 39.5 mm . The comparisons between the experimental and simulated dimensionless bubble growth for the five cases under the two conditions of f decr = 0.6 and 0.9 are shown in Fig. 14 respectively (a) and (b) . The natural convection enhancement factor f enh , was modified for each simulation to match the experimental superheat. In the figure, the time has been made dimensionless by dividing it by the average growth time (t/t g ), while the dimensionless bubble radius has been obtained by dividing the bubble radius by the bubble departure radius (r b /r bd ). The figure shows that the code is able to reproduce well the bubble growth histories under different conditions and that all the bubbles grow similarly if the dimensionless values are considered. The parameters used here to reproduce the single bubble growth will be used, unchanged to study the interactions between nucleation sites. The analysis of long term bubble growth histories showed that significantly long inactivity times have been detected for the cases with applied low heat fluxes (and consequently low wall superheat), cases #1 and #5, but the physical reason of this phenomenon is still unknown. The code is then unable to reproduce it, due to the fact that during the simulations the superheat at the top surface was always higher than the activation superheat. This could suggest that the condition use for activation (based only on the punctual superheat values) could be too restrictive. The inactivity time may in fact depend on local hydro-dynamic effects in the liquid side, as for instance agitation and wake effects after the departure of the bubble. For case #3 (where an applied heat flux of 4.48 kW/m 2 was used), a more detailed analysis has been carried out, as shown in Fig. 15 : a good agreement for the superheat variation (DT SEN ) for an area corresponding to the experimental size of the sensors (0.84 Â 0.84 mm 2 ) can also be seen. However, the variation is very small for both experiments and simulations (<±0.2 K) and significantly lower than the sensitivity of the sensors themselves, so that a proper agreement or disagreement cannot be deducted from the comparison. For larger bubble departure radii, the superheat variations are expected to be larger. However, large variations randomly distributed, as seen in experiments, are probably due to the uncertainties in measurements and not directly related to the bubble growth. In simulations, if the degree of superheat is larger than the activation superheat, the nucleation site may appear continuously active, with negligible waiting time. Fig. 15 highlight that for a faster departure process (higher f decr ), the bubble growth is more linear, reducing the effect of fast growth during the initial phase and slow towards the end. A similar effect can be observed in simulations varying the heat contribution at the dome of the bubble. The higher the contribution, the more linear the bubble growth becomes. For this case, the superheat variation along a line passing through the nucleation site at the beginning (3 ms) and end (20 ms) of the bubble growth is shown in Fig. 16 , on the top and bottom surfaces of the substrate, as well as the comparison of the growing bubble (supposed a truncated sphere) with the sensor size. It can be noted that the attenuation effect due to the thickness of the substrate (380 lm), that tends to level all local variations, similarly to what happens when measuring with a sensor of the same size of the bubble, is clear in the figure. From the analysis of the variation on the top substrate, two different distributions can be seen at the two different time steps. For t = 3 ms, two large negative peaks are located around the contact line, with values significantly lower than in the area far from the nucleation site (for instance for x $ 8 mm, i.e. at $1 mm from the nucleation site that is located at x = 9 mm). Moreover, a partial superheat recovery can be observed at the nucleation site, due to the zero heat transfer coefficient in the inner part of the contact area. Also in this case, the maximum simulated superheat variation is $0.4 K, smaller than the sensitivity of the sensors (±0.5 K, [31] ). From the analysis of the second time sequence (t = 20 ms), only one central negative peak can be identified, due to the fact that the contact area has already contracted so that only one mesh cell is involved, with a superheat variation significantly smaller than at the previous time steps (the shrinking of the contact area reduces the area of large HTC).
Single bubble growth on thin metal substrate in water
The second comparison for the single bubble growth was developed for experiments on thin metal foils immersed in saturated water. The micro-layer heat transfer mode was imposed for these simulations, with a high heat transfer at the centre of the contact area. The maximum value of the heat transfer to be used in the model is obtained from experimental results and it depends on the liquid-foil combination. Two series of experiments were used, both developed by Golobič et al. [32, 35] , using either a titanium 
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Results are shown in Fig. 17 . Although the values have been directly taken from the studies with no further manipulation, the results appear surprisingly similar. For this reason, the heat transfer coefficient distribution with time has been imposed in these simulations for these two cases, in difference to the previous case, where the HTC was obtained from tuning on the bubble growth time. The maximum HTC max values, together with the growth time t g and the bubble departure radius r bd as listed in Table 2 , were used as input data. It must be noted that the characteristics of the substrate may be affected by uncertainties due to their dependence on their exact composition, leading to a possible over-estimate of the input heat flux, Kenning et al. [37] . The tuning effect during these simulations was applied to the heat contribution at the dome, varied in order to match the experimental growth time. This contribution was seen to be very important in both the cases with metal foils, contrary to the case of the silicon wafer in water, where it was negligible. This is probably related to the bubble size, much larger in the metal foil case, so that the bubble dome surface (to which the dome contribution is proportional) is larger.
With regards to the case of the titanium foil, the values explicitly provided in Golobič et al. [10] for the bubble growth are only the time when the bubble reaches its maximum contact area radius (t = 6 ms) and the departure time (t = 18 ms). The other data used here to compare the simulations with the experimental results are listed in Table 3 . The contact area radii (r c ) and the superheat at the nucleation site (DT NS ) at different time steps were derived from analysis of the temperature distribution along a line shown in [32] . On the other hand, the bubble radius values (r b ) were obtained from the analysis of the bubble growth sequence. In both cases, the data may be affected by uncertainties, which are difficult to estimate, due to the quality of the figures in [32] and resolution when reading them. Also the apparent contact angle (equal to 45°) has been chosen from analysis of the bubble growth sequence, although its value is only a rough approximation due to the mirror effect. The value for the activation superheat (15.5 K) was chosen according to the analysis described in [30] for a stainless steel substrate immersed in saturated water; a value that agreed to that shown in the experimental results of [35] . Similarly, the natural convection heat transfer coefficient was maintained, with an enhancing factor able to guarantee a superheat of $17 K in the region outside the contact area in order to agree with the experimental results presented in [32] . The micro-layer heat transfer coefficient model has been applied to the inner part of the contact area. Its maximum value has been obtained from observation of the experimental data. Fig. 18 shows a very good agreement between numerical and experimental results for bubble radius, superheat and heat transfer coefficient histories at the nucleation site. This shows that the model is a reasonably good representation of the physics and the code is able to reproduce the growth of a single bubble provided the correct heat transfer coefficients are applied. However, it appears that simulations slightly underestimate the bubble radius and contact area radius. A visual comparison of the bubble size at the steps of Fig. 18 is shown in Fig. 19 . It must also be pointed out that the experimental results may be affected by uncertainties and optical effects. Fig. 20 shows the superheat distribution along a line passing through the nucleation site at different time steps from simulations (on the right side) in order to compare with the experimental results (left side) from [32] , together with the contact area diameter (on the top of the graph). The area outside the contact area influenced by the bubble in simulations appears to be slightly smaller than for experiments. Also, the small peaks in superheat that can be observed immediately outside it (x $ 18.4 mm) for instance at t = 0, 1, 2 ms, which are probably due to hydro-dynamic Golobič et al. [32] Golobič et al. [35] Table 3 Bubble growth data and superheat values at the nucleation site (Golobič et al. [32] ). The data were obtained from figures in the papers and are hence subject to a degree of uncertainty. phenomena not included in the numerical model, do not appear in the numerical results. It must be also specified that the superheat distribution in experiments, was slightly asymmetrical with respect to the nucleation site (only half of the distribution is shown here). However, it was noted that for this range of variation the conditions outside the contact area do not significantly affect the bubble growth and superheat variation, mostly determined by the heat contributions, in particular at the dome. Similarly, Fig. 21 shows the comparison for the HTC distributions along a line passing through the nucleation site at different time steps. This shows a good agreement for the central HTC peak, apart for the case at t = 4 ms, when the experimental distribution appears much flatter than in the simulations. However, this phenomenon is probably related to the method used to derive the HTC distribution in [32] , based on the variations of the temperature. Small errors in detection of this variable may lead to significantly greater differences in the HTC values. Finally, the comparison of the heat flux at the top surface along a line passing through the nucleation site is shown in Fig. 22 . Three different trends can be distinguished. (1) During the initial stage, the heat flux has a central peak similar to the HTC distribution. (2) After that, for instance for t = 2 or 4 ms, the drop in superheat in the central area results in a drop in heat flux, so that the heat flux distribution assumes a crater like shape with a maximum in proximity of the contact area. During the final stage (3), the heat flux becomes smaller down to values similar to the natural convection area, leading also to a circular depression at the periphery of the contact area or immediately outside (t P 10 ms). The analysis for the platinum foil with an imposed heat flux of 100 kW/m 2 was more complicated due to the lack of data provided in [35] . Only the contact and bubble radii when the bubble reached its maximum contact area and size were specified (respectively 0.775 and 1.1 mm). The analysis was made even more complicated by the lack of a visual sequence for the bubble growth due to other growing bubbles during the experiments. The bubble was said to depart 9 ms after nucleation. The superheat and HTC histories were extrapolated from the graphs along the line passing through the nucleation site, as listed in Table 4 . Similar to the titanium case, the comparison between experiments and simulations for the bubble radius, superheat and HTC max are shown in Fig. 23 , highlighting a good agreement for superheat and HTC max , apart for the intermediate stages (t = 2 and 3 ms) for the HTC max .
For the bubble growth analysis, the uncertainty in the provided input data made the numerical results different from the experimental ones, although the final size was maintained. The difference during the initial stage is due to the quick increase of the bubble radius during the experiments that the code is not able to reproduce. Also, an important inconsistency between experimental and numerical results is the waiting time, approximately equal to 40 ms for experiments and much shorter ($2 ms) for the simulations. This highlights that the activation model (that is simply based on the activation temperature) and the heat transfer mechanisms after bubble departure used in the code should be improved. This effect is probably due to the fact that the hydrodynamic phenomena in the liquid side are not taken into account by the code. Figs. 24-26 show respectively the comparison of superheat, HTC and heat transfer along a diametrical line, highlighting that the influence area in the experiments is considerably larger than for simulations. In fact, the flat distributions visible even at 0.5 mm from the nucleation site in experiments (for t = 2 and 3 ms) are reduced to less than 0.2 mm in simulations. The agreement is generally good, but poorer than for the titanium case, which can possibly be related to the faster bubble growth (leading to a more complicated data acquisition) for platinum. In particular, for the heat transfer distribution, the crater shape simulated does not agree with experiments that show a central high peak. Also, it can be noted here that for t = 2, 3 and in part for 5 ms, the HTC distributions are flat and almost constant in the central area, highlighting a phenomenon only slightly visible for titanium at t = 4 ms.
Interactions between a large number of nucleation sites
The effects of interactions between a large number of potential nucleation sites, such as the variation of the local superheat, the activity of each nucleation site, the inhibition effects and the waiting time are presented in this section. Two different combinations of liquid and substrate are analysed, as it was during the single bubble growth analysis: a relatively thick silicon substrate Table 4 Bubble growth data and superheat values at the nucleation site (Golobič et al. [35] ). The data were obtained from graphs in the papers and are hence subject to a degree of uncertainty. and contact radii, superheat and HTC max for platinum (6 lm). immersed in FC-72 and a very thin titanium foil in water. The concept of unrefined sites was also introduced here to take into account the boundary effects. The unrefined sites are located in the simulations in the areas close to the boundaries; for them, the mesh distribution is not modified during calculations and a simplified heat transfer model was used. This allows the simulation of a realistic heat transfer coefficient at the boundaries without further limit the number of nucleation sites and without loss in computational speed. The so-called refined sites (i.e. those using the mesh modification and heat transfer models, as described in the single bubble section) are located in the central area of the simulated substrate. For both analyses of silicon and titanium substrates, 100 refined sites were simulated. These sites are distributed in a regular square arrangement and the effect of the distance between them was analysed. Figs. 27 and 28 show the sites arrangements for the two cases. The sites are grouped in 6 different zones and identified with a numbers. For each substrate, the nominal parameters obtained from the single bubble analysis were used. Their values are summarised respectively in Tables 5 and 6 . A second analysis was realised for the case of silicon in FC-72: this analysis takes into account an uncertainty on the nominal values of bubble departure radius and activation superheat. This means that for each of these two parameters, for each nucleation site and each time that this becomes active (except for the first activation) a random value is automatically and independently chosen by the code for the parameter, in a range ±10% of the nominal value. The value was chosen from the analysis of experimental results presented by Hutter et al. [31] . Simulations were run for 10 s.
Silicon substrate in FC-72
For the analysis of the silicon substrate in FC-72, the results for the bubble radius and for the superheat for 4 selected nucleation sites (#1, #32, #79 and #100) are shown in Fig. 29 for the case without uncertainty parameters (on the left side) and with the uncertainty parameter (on the right side). The figure clearly show that the superheat on average decreases in order to reach its asymptotic value during an initial transient period of $0.1s. During the second phase, called quasi-steady state, the superheat fluctuates around its mean value. The bubble distribution at the different nucleation sites is shown in Fig. 30 for all the active refined sites at different time steps for the case with the uncertainty parameter equal to 10%. The circles represent the computed bubble diameter. It is evident that while for the case (a) at t = 0.1 s the bubbles are growing similarly to the previous simulations with no uncertainty parameters, for the other cases, t = 0.2 (b), 2.1 (c) and 9.9 s (d), the bubble distribution becomes irregular with the bubbles growing out of phase. In fact, at t = 0.2 s the first effects of breaking the symmetry is visible in the central region, although in the external region the bubbles are still growing almost regularly. Instead, at t = 5.3 and 9.9 s, the loss of regularity is complete: big bubbles (also larger than the nominal bubble departure radius) are generally surrounded by much smaller bubbles or by areas where bubbles do not grow at all. The sites activities considering all the bubbles and the bubbles with large diameters (i.e. those having a departure radius larger than 0.1 times the nominal bubble departure radius) are shown in Fig. 31 .
The growth time, the waiting time and the period for the two cases without and with uncertainty parameters are shown in Fig. 32 . It is clear that, if for the case without uncertainty parameters, each bubble grows regularly and independently of the others, on the other case, the uncertainty parameters introduce almost immediately a perturbing factor that strongly reduces the superheat variations and the sites activity, such that the sites became immediately asynchronous. The growth times and the waiting times, quite regular for the case without uncertainty parameters, become very spread for the other case, although a clear tendency of increase with the calculation time is shown for the waiting time and the period. The effects of coalescence were also studied. Horizontal coalescence type C1 (bubbles of similar dimensions) was observed in both cases with and without uncertainty parameter. Coalescence occurrence was very regular for the case without uncertainty parameter and becomes more random for the other case. Fig. 33(a) shows a graphical representation of horizontal coalescence for the case with uncertainty parameter, the length of the blue lines proportional to the occurrence of coalescence type C1 between the connected sites. The phenomenon appears to be more frequent for the central sites and with the bubbles that are not immediately adjacent in the square arrangement. Fig. 33(b) shows coalescence type C2 (bubbles of different sizes, where the larger incorporates the smaller one): occurrence is more regular apart from the site close by the boundaries. This type of coalescence occurs more frequently between bubbles which are close spaced in the square arrangement. Fig. 34 shows the bubble growths at site #1 and at four surrounding sites immediately adjacent (#2, #4, #6 and #8), together with the superheat variations at the nucleation site #1 for the time period between 1.5 and 2 s of Number of sites 100 standard 96 unrefined Table 6 Input data for a large distribution of sites for titanium in water. Number of sites 100 standard and site #2 never becomes active. At t = 1.585 s (event A1), the bubbles at sites #1 and #6 have similar radii (the one at site #1 is slightly larger) and due to the close distance, the two domes interfere so that coalescence type C1 occurs. However, since the bubble radii for the bubble at site #1 is close to the departure radius, the contact angle and contact area are very small, so that the superheat variations are small as well. When the bubble at site #1 departs at t = 1.59 s, a new bubble starts growing, and at t = 1.608 s (Event A2), bubble at site #1 is through coalescence into bubble at site #6 (type C2, since r b2 < 0.5 r b6 ). This event forces the bubble at site #1 to disappear (after which a new small bubble is generated here at t = 1.609 s, Event A3) and the bubble at site #6 to undergo an increase of the bubble radius and bubble growth rate (Fig. 34) , as well as an increase of the bubble departure radius. The bubble departure radius is further increased by sequential coalescence events type C2, not only of bubbles generated at site #1. During the two events A2 and A3 the superheat variation at site #6 does not change significantly, while at site #1 the variation is larger due to the sudden change in the size of the contact area. At t $ 1.649 s, site #1 becomes completely inactive, due to the interference of the refined mesh with the ones of the surrounding sites. At t = 1.65 s, site #1 is inactive and the superheat in that region further increased. Event B is essentially similar to event A2, with bubbles at sites #1 and #6 having both large bubble radii and coalescing (type C1). However, in this case, both bubbles at sites #1 and #6 have incorporated bubbles from adjacent sites following coalescence type C2, as evident from analysis of the bubble growth rate and the production of small bubbles at the other sites. Event C represents instead the case in which site #1 is forced to become inactive because of the limitations in the mesh distribution. This conclusion is derived by the absence in variation in bubble growth rate or bubble radius for the bubble at site #6 and confirmed by analysis of the coalescence event data.
Event D represents the opposite case with respect to event A2, with bubble at site #1 incorporating bubble at sites #6, #2, and #4.
Titanium foil in water
Concerning the analysis of the platinum foil immersed in water, the superheat variations at the nucleation site and the bubble growth histories for four different sites belonging to different zones (site #1, #32, #79 and #100) are shown for the initial stage (i.e. t < 0.75 s) and for the final stage (9.75 s < t < 10 s) respectively in Fig. 36(a) and (b) . The transient period seems negligible in this case with respect to the case of silicon in FC-72, with the superheat at the nucleation site immediately fluctuating between $1.9 and 15.5 K. In the followings, the average values will be considered only for events occurring after the initial 0.5 s. Moreover, it is clear that synchronization in bubble growth is lost after the short initial transient time, due to the large variations in superheat during the bubble growth that lead to an average superheat at departure always lower than the activation value (15.5 K). Significant waiting times during which the superheat recovers can be consequently observed. For this reason, although the sites were arranged regularly and no uncertainty parameter was considered, the bubbles seem to grow independently from each other contrary to what was detected for the silicon substrate. The bubble distribution at different time steps shown in the presence of bubbles departing with small radii (indicated with the arrows in Fig. 36(b) at t $ 9.77 and $9.83 s for site #1 and at t $ 9.92 s for site #79) highlights that coalescence phenomena are taking place. This highlights that thermal interactions across the substrate are much smaller for titanium due to the smaller thickness and lower thermal capacity. For this reason, the case with uncertainty parameter will be not examined. The bubble distribution at the different nucleation sites is shown in Fig. 37 for all the active standard sites at different time steps (t = 0.25 (a), 0.55 (b), 0.65 (c) and 9.5 s (d)). The lost in synchronization is visible already at t = 0.25 s (a). Here, most of the sites are active, but the radii slightly differ and some of them are inactive, with clear left-right symmetry in activation. The symmetry effect becomes more evident when the sites start to activate more independently, as it occurs in the central and lower part of the substrate for t = 0.55 and 0.65 s (cases (b) and (c)). However, this phenomenon is visible only until t $ 0.7 s. The symmetry itself and the apparent larger activity in the lower part of the substrate during the first stage of simulations may have been generated by a chaotic behaviour of the system. Moreover, it seems that the sites activate in clusters defined for the purposes of this analysis as ''groups of close sites with similar bubble growth characteristics'', which assume particular geometries, for the entire length of simulations and an example of it is indicated by green arrows for t = 9.5 s (case (d)). A complete analysis of the presence of chaotic behaviour and activation in clusters is beyond the goal of this study. The sites activities considering all the bubbles and only the large bubbles (i.e. those having a departure radius larger than 0.1 times the nominal bubble departure radius) are shown in Fig. 38 . This figure confirms that the sites act independently from each other. The growth time, the waiting time and the period are shown in Fig. 39 . Bubbles seem to grow regularly and independently of the others, such that the sites became immediately asynchronous.
The analysis of occurrence of horizontal coalescence shows that both coalescence types C1 and C2 occur almost uniformly across the entire surface, but while type C1 involves all the eight sites surrounding a specific one (apart for those located close to the edges of the site distribution), type C2 involves only the four closest sites, since the distance between the others is too large to allow this type of coalescence. Examples of occurrence of coalescence types C1 are shown in Fig. 40 , events A and B: in case A, after departure of a small bubble at site #1 due to coalescence, the site requires $17 ms to become active again, while for event B the required time is $11 ms. The difference depends on the size of the small departed bubble and on the superheat drop at the nucleation sites during its growth. At t $ 9.9 s (event C) it is possible to observe the coalescence type C2, when site #1 incorporates the bubble at site #4, and undergoes a large increase of the bubble radius and of the bubble growth rate.
The analysis of coalescence occurrences showed that for type C2, the frequencies are much smaller, due to the absence of sequential coalescence (i.e. when a large bubble incorporates several small ones in a series) with respect to the silicon substrate. This phenomenon is connected to the waiting time: for silicon, the superheat was always higher or close to the activation value, while for titanium the site may require several milli-seconds before the conditions for activations are again satisfied. 
Conclusions
The numerical results obtained with this code, originally developed at the Los Alamos National Laboratory, have been compared with experimental results for silicon immersed in FC-72 and of metal foils, made of titanium and platinum, immersed in water at saturation conditions, so that they could be used in a first validation of the code mathematical models and processes. The two different models for the heat transfer at the base of the bubble were applied to the simulation for the silicon substrate in FC-72 and for the metal foil (titanium or platinum) in water, according to the experimental results. During the analysis for silicon in FC-72, the code was shown to be able to reproduce well the bubble growth at an isolated site with different applied heat fluxes. The experimental average superheat could be also predicted well, although the correlations used to evaluate the importance of the natural convection in the area outside the bubble contact area were tuned. However, analyses of long term superheat variations for an isolated nucleation site (presented in [31] ), showed that the numerical code is able to reproduce well the transient superheat variations when the site switches from a period of regular activity to a period of inhibition and vice versa, although the physical reasons of this phenomenon was not fully understood. For this reason, the activity and inactivity periods have been imposed during the current simulations.
Validation of the code against results of bubble growing on thin metal foils showed that the code can reproduce very well the bubble growth and local superheat variations around the nucleation site (which was not isolated during these simulations), if the experimental heat flux conditions are imposed, and using the micro-layer heat transfer theory as a heat transfer model. The choice of the maximum heat transfer coefficients to be applied to the centre of the contact area was determined by the understanding of the very important and surprising similarity for the increasing-decreasing trend for the dimensionless heat transfer coefficient versus the dimensionless growth time for two essentially different cases of thin foils (titanium (25 lm) and platinum (7 lm)).
The capability of the code to adapt to different experimental conditions (i.e. variable input heat flux at the bottom of the substrate leading to different measured average superheat and bubble departure radii) was proved, although the heat transfer coefficients below the growing bubbles needed to be tuned to match the average bubble growth times.
The analysis of results for a distribution of 100 potential nucleation sites allowed the conclusion that the substrate-liquid combination strongly affects the variation of superheat and the relative influence area. It was shown that for titanium in water the superheat variation was very similar to the single bubble case. By contrast, for silicon on FC-72 the average superheat at the nucleation site dropped from $8 K for the single bubble case to $1 K (and then comparable to the activation superheat) for the large distribution.
Moreover, uncertainties in the input data and the possibility of occurrence of coalescence may play a very important role in the regularity of activation of the sites and the growth of the bubbles. In fact, the introduction of uncertainty parameters for the case of silicon substrate in FC-72 used to correct the nominal values introduced differences in the average activity of the sites. This suggests that this phenomenon cannot be neglected: further studies are required to refine the current modes of mesh refinement and coalescence, also according to experimental findings. Considering the case when the uncertainty parameters were used, the site activation frequency was not uniform for all the sites over the whole surface, showing a distribution with alternating more active sites.
The case of titanium on water, only developed without taking into account the uncertainty parameters, showed that the sites lost synchronisation in activation after only few activation cycles. Activation in clusters seemed to occur, although the final average activation frequency was similar for all the sites. Both type of coalescence occurred in this case, although for the type for dissimilar sizes the frequency was greatly smaller than for the case of silicon on FC-72.
Comparison of the results for a thick silicon substrate in FC72 and a thin titanium foil in water showed also that stronger thermal interaction between sites was recognisable for the silicon case, leading to lower average superheat around the nucleation sites for a large distribution of sites with respect to an isolated site. This led also to much larger growth times, due to the smaller heat flux contribution at the base of the bubble. Moreover, the superheat distribution across the substrate became flatter. On the contrary, for the titanium case all the sites appear to act more independently, and the superheat variations to be very similar between an isolated site and a large distribution.
From the numerical point of view, the capacity of the code in adapting its mesh distribution and the ease in modifying correlations and conditions according to the different situations simulated make it a very powerful instrument to investigate thermal interactions despite of the simplicity of some of the models, as for instance the one for horizontal coalescence.
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